The results of a formal design optimization study to improve tiltrotor whirl flutter stability are reported. The analysis used in this investigation considers some design parameters which have not been explicitly examined in the literature, such as the distribution of blade flexibility inboard and outboard of the pitch bearing. While previous studies have investigated the individual influence of various design parameters, the present investigation uses formal optimization techniques to determine a unique combination of parameters that maximizes whirl flutter stability. Constraints on the optimization are selected that prevent unrealistically large changes in the design parameters. The influence of rotor and wing design parameters are first considered separately, after which concurrent optimization studies are conducted. Emphasis is placed on a physical interpretation of the optimization results, to better understand the means by which certain combinations of design variables improve stability. The rotor parameters with the greatest influence on flutter speed are pitch-flap and pitch-lag couplings in the rotor blade and the distribution of flap flexibility inboard of the pitch bearing. The important wing parameters are wing vertical bending and torsion stiffness and vertical bending-torsion coupling. Changes in the rotor design parameters provide a greater stabilizing influence than changes in the wing parameters. Optimized designs are presented which require only modest changes in design parameters, while substantially improving whirl flutter stability. For the XV-15 rotor used as a baseline for this study, an optimized configuration obtained while imposing tight constraints on the design parameters increased flutter speed from 310 knots to 450 knots. If the constraints on the design parameters are relaxed, flutter speed may be increased beyond the speed range considered in this investigation.
Abstract
The results of a formal design optimization study to improve tiltrotor whirl flutter stability are reported. The analysis used in this investigation considers some design parameters which have not been explicitly examined in the literature, such as the distribution of blade flexibility inboard and outboard of the pitch bearing. While previous studies have investigated the individual influence of various design parameters, the present investigation uses formal optimization techniques to determine a unique combination of parameters that maximizes whirl flutter stability. Constraints on the optimization are selected that prevent unrealistically large changes in the design parameters. The influence of rotor and wing design parameters are first considered separately, after which concurrent optimization studies are conducted. Emphasis is placed on a physical interpretation of the optimization results, to better understand the means by which certain combinations of design variables improve stability. The rotor parameters with the greatest influence on flutter speed are pitch-flap and pitch-lag couplings in the rotor blade and the distribution of flap flexibility inboard of the pitch bearing. The important wing parameters are wing vertical bending and torsion stiffness and vertical bending-torsion coupling. Changes in the rotor design parameters provide a greater stabilizing influence than changes in the wing parameters. Optimized designs are presented which require only modest changes in design parameters, while substantially improving whirl flutter stability. For the XV-15 rotor used as a baseline for this study, an optimized configuration obtained while imposing tight constraints on the design parameters increased flutter speed from 310 knots to 450 knots. If the constraints on the design parameters are relaxed, flutter speed may be increased beyond the speed range considered in this investigation.
Introduction
Tiltrotor aircraft combine the vertical take-off and landing capability of a helicopter with the speed and range of a conventional fixed-wing aircraft. At high speeds, however, tiltrotors are susceptible to whirl flutter, an aeroelastic instability caused by coupling of rotor-generated aerodynamic forces with elastic wing modes. The conventional approach to ensuring adequate whirl flutter stability margins has required wing structures with very high torsional stiffness, to provide sufficient separation between wing beam bending and torsion frequencies (Ref. 1) . This stiffness requirement leads to rather thick wing sections, typically about a 23% thickness-to-chord ratio for current tiltrotor aircraft. The large aerodynamic drag associated with such thick wing sections is an obstacle to achieving the higher cruise speeds envisioned for future tiltrotor aircraft. It is therefore desirable to explore alternative methods for providing the required aeroelastic stability margins.
The mechanism of tiltrotor whirl flutter instability has received considerable experimental and analytical attention [2] [3] [4] [5] [6] [7] [8] [9] [10] . Perturbation aerodynamic forces generated on the rotor act on the wing/pylon support structure, exciting wing motions which in turn are fed back to the rotor. As airspeed increases, the magnitude of the destabilizing aerodynamic forces also increases, until an instability is encountered at some critical flutter speed. The complex interaction of rotor and wing degrees of freedom may be influenced by many different design parameters. Numerous studies have investigated the influence of various rotor and wing design parameters on whirl flutter stability.
In Ref. 2, Hall experimentally and analytically investigated the stability characteristics of the Bell XV-3. Reduced rotor pylon mounting stiffness was found to be destabilizing. Increased coupling between blade flapping and the rotor control system (δ 3 coupling) was also destabilizing. In Ref. 3 , Young and Lytwyn examined the influence of blade flap stiffness on stability, and found that a fundamental flap frequency of approximately 1.1-1.2/rev provided the greatest stabilizing influence. In Ref. 4 , however, Wernicke and
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Design optimization for improved tiltrotor whirl flutter stability 29TH EUROPEAN ROTORCRAFT FORUM E. Hathaway, F. Gandhi Gaffey point out that other design considerations such as blade loads and transient flapping response during maneuvers may preclude taking advantage of this ideal frequency placement for enhanced stability. Gaffey, Yen, and Kvaternik (Ref. 7) described the influence of various rotor and wing design parameters on aeroelastic stability, and also discussed the limits imposed on these parameters by other design constraints. Johnson (Ref. 10 ) developed an analytical model which included elastic blade bending and torsion modes. The primary influence of blade torsion dynamics was reported to be a destabilizing pitch-lag coupling introduced to the rotor by blade flexibility outboard of the pitch bearing. Increased control system stiffness was shown to reduce the destabilizing effect. More recent studies have continued to examine the influence of many different design parameters, including: rotor and wing stiffness properties [11] , various kinematic couplings arising from hub and control system geometry [12] , advanced geometry rotor blades (tip sweep, taper, and anhedral) [13] , composite couplings in the wing [14, 15] and rotor blades [11, 15] , and blade center-of-gravity and aerodynamic-center offsets [16] [17] [18] [19] . Introduction of aeroelastic couplings into the wing and rotor have generally been reported to improve whirl flutter stability.
In the references cited above, the various parameters under consideration in each study were individually varied. Differences in the analyses and model configurations between the various studies make comparisons of the relative effectiveness of all the design variables difficult. Furthermore, the influence of optimal combinations of various design variables has not been explored. Other design considerations besides aeroelastic stability (such as limits on allowable blade loads or rotor transient flapping) may prevent the designer from fully exploiting the stabilizing influence of any one design parameter. Small changes in several design parameters may be able to provide the required gains in stability while still respecting other design constraints.
The focus of the present study is to identify combinations of design parameters which provide the greatest improvement in whirl flutter stability. In addition to the design parameters generally considered in the literature (such as wing/rotor stiffness properties or aeroelastic couplings), the analysis used in this investigation considers some design parameters which have not been examined in previous studies, such as the distribution of blade flexibility inboard and outboard of the pitch bearing. Stability trends of the various design parameters are identified through a parametric study, and formal optimization techniques used to determine a unique combination of parameters that maximizes tiltrotor whirl flutter stability. Constraints on the optimization are selected that prevent unrealistically large changes in the design parameters. The process of formulating a properly posed optimization problem in order to achieve the desired stability characteristics is also discussed. The influence of rotor and wing design parameters are first considered separately, after which concurrent optimization studies are conducted. Emphasis is placed on a physical interpretation of the optimization results, to better understand the means by which certain combinations of design variables improve stability.
Analytical Model
The analytical model used in the present investigation was developed in Ref. 20 . The model represents a proprotor with three or more blades, mounted on a semi-span, cantilevered wing structure. The point of attachment between the rotor hub and the wing/pylon system can undergo three displacements ¢ x£ y£ z¤ and three rotations
The mass, damping, and stiffness properties associated with these degrees of freedom derive from the wing/pylon structure. The rotor hub may be gimballed, allowing cyclic flapping motion at the blade root
In the fixed frame, this gimbal degree of freedom allows for longitudinal
The blade is attached to the hub with some pre-cone angle, β P . Perturbation of rotor azimuthal position in the rotating frame ¢ ψ s ¤ is included, allowing a windmilling rotor condition to be modeled. Blade flapping motion (β ) and in-plane lead-lag motion (ζ ) are also included. The model used to represent blade flap and lag flexibility, its distribution with respect to the pitch bearing, and its implications on system behavior, will be described in more detail later.
The rotor aerodynamic model is based on quasisteady blade element theory. The rotor is assumed to operate in purely axial flow. Prandtl-Glauert compressibility corrections are applied to the aerodynamic model. These corrections are essential for accurate stability predictions, since compressibility directly influences the magnitude of the aerodynamic forces which cause whirl flutter instability. Perturbations in blade pitch are related to gimbal, blade flap, and blade lag motion through aeroelastic coupling parameters.
The coupling parameter K PG (positive for gimbal flap-up, pitch-down) relates perturbation changes in blade pitch to perturbation gimbal motion β G . This coupling is typically the result of rotor control system kinematics, and can be specified in terms of a "δ 3 " angle through the relation K PG ¥ tan δ 3 . The pitch-flap coupling parameter K Pβ (positive for flapup, pitch-down) and pitch-lag coupling parameter K Pζ (positive for lag-back, pitch-down) relate changes in blade pitch to blade flap and lag deflections. Potential sources of pitch-flap and pitch-lag coupling include
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Design optimization for improved tiltrotor whirl flutter stability 29TH EUROPEAN ROTORCRAFT FORUM E. Hathaway, F. Gandhi composite tailoring [11, 15] , advanced geometry blade tips [13] , or blade CG and AC offsets [16] [17] [18] [19] . In the present analysis, terms which describe the pitch-flap and pitch-lag couplings that arise due to blade flexibility outboard of the pitch bearing (described below) are included.
The semi-span cantilevered wing model used in the present analysis is based upon the model developed by Johnson in Ref. 9 . The wing is represented using only the first three structural modes: vertical bending (q 1 ), chordwise bending (q 2 ), and torsion (p). Offsets of the wing, pylon, and rotor centers of gravity relative to the wing elastic axis are considered which may couple wing bending and torsion motion. In addition to these inertial couplings which are present in Johnson's original model, elastic coupling parameters have been added to the present analysis. These parameters may represent wing bending-torsion coupling due to composite tailoring of the wing structure. The vertical bending-torsion coupling parameter K Pq1 and chordwise bending-torsion coupling parameter K Pq2 are included in the wing structural stiffness matrix as offdiagonal coupling terms. The wing structural stiffness matrix can then be written as:
where K q1 , K q2 , K p , are the fundamental stiffnesses associated with the wing modes.
Blade Structural Flap-Lag Coupling due to Flexibility Distribution
The present analysis models the distribution of blade flexibility inboard and outboard of the pitch bearing which results in a structural flap-lag coupling (SFLC) of the rotor blades. This formulation has been used previously in helicopter rigid-blade stability analyses [21, 22] . Blade flap and lag stiffness is modeled using a set of orthogonal "hub" springs 
In Eq. (4), a value of R β ¥ 0 describes a blade where all the flap flexibility is located inboard of the pitch bearing, and R β ¥ 1 represents a blade where all the flap flexibility is outboard of the pitch bearing. The distribution of lag flexibility varies similarly, but with parameter R ζ . See Ref. 22 for a detailed description of this formulation.
Note that the terms "flap" and "lag" in the above description may be somewhat misleading. At the high collective pitch settings required to trim the rotor in cruise, the blade "flap" and "lag" springs are rotated such that the primary source of stiffness for in-plane blade motion is actually K β (assuming a rotor where most of the flexibility is located outboard of the pitch bearing). The "flap stiffness" in the SFLC formulation physically corresponds most closely to the blade flatwise bending stiffness, and "lag stiffness" corresponds to chordwise bending stiffness. For clarity, blade stiffness properties will henceforth be discussed in terms of flatwise and chordwise bending stiffnesses.
Using the definitions of blade stiffness given above, the elastic flap and lag restoring moments may be written as
where K eff represents an effective stiffness matrix, the individual terms of which are defined as
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Tiltrotor aircraft may experience large changes in blade flap and lag mode frequencies due to the large changes in collective pitch required to trim the rotor over the entire flight speed range. Equations (5)- (7) show that in the present model, the effective blade flap and lag stiffness is a function of collective pitchθ . By selecting proper values of the fundamental blade flatwise and chordwise stiffnesses K β and K ζ , and coupling parameters R β and R ζ , the variation of blade flap and lag frequency with collective pitch may be modeled directly. This is unlike many rigid blade tiltrotor stability analyses, which require blade flap and lag frequency variations be provided explicitly as inputs to the analysis.
Pitch-Flap and Pitch-Lag Couplings due to Blade Flexibility Distribution
The present analysis includes expressions for pitchflap and pitch-lag coupling parameters which capture the influence of blade flexibility distribution (inboard/outboard of the pitch bearing) on aeroelastic stability. These couplings act to reduce the whirl flutter stability boundary. Figures 2 and 3 show the predicted modal frequency and damping variation versus airspeed for the baseline XV-15 full-scale semi-span model. Figure 4 shows the damping characteristics when the pitch-flap and pitch-lag coupling terms are neglected. Comparing the stability boundary in Fig. 4 to the stability boundary in Fig. 3 shows that these couplings are responsible for a substantial decrease in the predicted flutter speed. The derivation of terms representing the contribution of blade flap and lag flexibility distribution to the overall pitch-flap and pitch-lag couplings is summarized below, to show how various rotor design variables can influence the magnitude of these couplings. Reference 20 contains a more detailed examination of the origins of pitch-flap and pitch-lag couplings due to the distribution of blade flexibility.
Considering the distribution of flap and lag flexibility inboard and outboard of the pitch bearing described in the SFLC formulation above, the total flap and lag displacement of the blade may be defined (assuming small rotations) as the sum of flap and lag displacements inboard and outboard of the pitch bearing.
When the blade undergoes flap and lag motions, the feather axis of the blade undergoes a rotation of β in out-of-plane and ζ in in-plane. At the same time, the blade itself undergoes rotations of β out and ζ out relative to the feather axis, as shown in Fig. 5 . These motions must be considered when formulating the blade pitch equations of motion. 
where (11) and (12) is given in Eq. (7).)
Equations (9)- (12) show that the relative amount of flap and lag motion inboard and outboard of the pitch bearing is determined by the fundamental blade flap and lag stiffnesses K β and K ζ , the SFLC parameters R β and R ζ , and by the collective pitch setting. Now consider the forces and moments on the blade which contribute to the blade pitch equation of motion. Figure 6 illustrates the forces acting on a representative section of the blade outboard of the pitch bearing. The figure is oriented such that the blade's feather axis is directly out of the page. In addition to the terms which are part of the fundamental pitch dynamics, there are in-plane 
whereβ 0 andζ 0 are the trim flap and lag angles, and K θ is the stiffness of the blade pitch control system. Figure 7 shows the variation of the pitch-flap and flaplag coupling parameters with airspeed for the XV-15 semi-span model. The magnitude of the couplings given by Eqs. (13) and (14) (13) and (14) are eliminated. Similarly, a stiffer control system (increased K θ ) will reduce the couplings by constraining blade pitch motion. For the case of infinite control system stiffness, the couplings are eliminated.
In the present analysis, the total pitch-flap and pitch-lag coupling can be represented as
where the terms ∆K Pβ and ∆K Pζ are additional design variables introduced to represent the influence of other potential sources of pitch-flap and pitch-lag coupling in the rotor blades, such as composite tailoring, blade CG and AC offsets, or advanced blade tip shapes such as sweep and anhedral. The influence of these design parameters on whirl flutter stability stems largely from the coupling between blade bending and pitch that these parameters introduce. While the present analysis does not attempt to model these sources of pitch-flap and pitch-lag coupling in detail, the parameters ∆K Pβ and ∆K Pζ may serve as a general representation of the couplings arising from any or all of these sources.
Validation
Figures 8 and 9 provide sample validation results obtained using the present analysis. A full-scale rotor designed for the Boeing Model 222 tiltrotor was also tested at NASA Ames, in 1972. Unlike the stiff-inplane, gimballed XV-15 rotor, the Model 222 rotor was a soft-inplane, hingeless design. 
Parametric Study
Before beginning formal optimization studies, a parametric study is conducted. The study provides an understanding of the influence of individual design variables on whirl flutter stability. The tiltrotor configuration used is the full-scale XV-15 semi-span model. Table 1 lists some of the important model parameters used in the present analysis (see Ref. 9 for a more complete listing of model properties).
Influence of Individual Rotor Design Parameters
The rotor design parameters considered in this investigation are: (1) blade flatwise bending stiffness, in terms of the non-rotating natural frequency ω β 0 , (2) blade chordwise bending stiffness, in terms of the non-rotating natural frequency ω ζ 0 , (3) gimbal spring stiffness, denoted by ω β G0 , the non-rotating gimbal frequency, (4) pitch-gimbal coupling, expressed as a "δ 3 " angle, (5) blade pitch-flap coupling parameter, ∆K Pβ , which is added to 9 K Pβ (Eq. (13)) to obtain the total pitch-flap coupling, (6) blade pitch-lag coupling parameter ∆K Pζ , which is added to 9 K Pζ (Eq. (14)) to obtain the total pitch-lag coupling, (7) distribution of blade flatwise bending flexibility, R β , and (8) chordwise bending flexibility, R ζ (inboard/outboard of the pitch bearing), and (9) control system stiffness, expressed in terms of the frequency ω φ . The nominal value for each of these design variables for the baseline configuration are given in Table 1 .
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Changes in some of the rotor design parameters considered in this study influence the magnitudes of K Pβ and K Pζ , the pitch-flap and pitch-lag couplings due to blade flexibility distribution given by Eqs. (13) and (14) . These couplings have a powerful influence on whirl flutter stability (compare Figs. 3 and 4), and it is useful to identify whether the primary impact on whirl flutter from a change in a given parameter is due to a direct influence on the system dynamics (such as through a change in modal characteristics), or from its effect on the magnitude of pitch-flap and pitch-lag coupling. For the parameters which influence the magnitude of these couplings, results will also be examined for a case where the distributions of 1. Altering the blade flatwise and chordwise bending stiffness properties can influence stability two ways. The change in blade stiffness will affect the variation of rotor frequencies with collective pitch, influencing the interaction between rotor and wing modes. In addition, a change in blade stiffness affects the magnitude of the destabilizing pitch-flap and pitch-lag couplings given in Eqs. (13) and (14) . In the case of increased flatwise bending stiffness ( Fig. 10 ), the stabilizing influence comes mainly through the change in rotor frequencies. Increased flatwise bending stiffness increases the frequency of the rotor lag modes. The shift in low-frequency cyclic lag mode frequency in particular changes the interaction of that mode with the wing modes, increasing damping in the wing modes. Increased flatwise bending stiffness slightly reduces the magnitude of For reduced chordwise bending stiffness (Fig. 11) , the increased stability comes almost entirely through a decrease in the magnitude of 9 K Pζ . Negative pitch-lag coupling as calculated by Eq. (14) is reduced by a third at high speeds, from about -0.3 to -0.2, while the pitch-flap coupling from Eq. (13) remains virtually unchanged. Figure 12 illustrates the reduction in 2. Increased gimbal spring stiffness has only a slight beneficial influence on flutter speed. In Ref. 11 , changes in cyclic flap frequency (equivalent to gimbal natural frequency in the present analysis) had a somewhat larger effect on stability than in the present analysis. However, the range of frequency variation considered in Ref. 11 (0.9-2.5/rev) is much larger than in the present analysis and is unlikely to be attainable in practice. Reference 4 points out that although increased flapping restraint can be stabilizing, design constraints on allowable blade loads place an upper limit on flap restraint stiffness which may preclude taking advantage of this parameter to increase aeroelastic stability. In the present analysis, a variation in ∆ω β G0 of @ 100% corresponds to a rotating frequency variation of 1-1.07/rev. Since the XV-15's gimbal spring is composed of a relatively soft elastomeric material, changes in stiffness required to achieve a @ 100% change in ∆ω β G0 are feasible.
3. The δ 3 angle (Fig. 13) gives rise to a coupling between blade pitch and gimbal flapping, and has a strong influence on aeroelastic stability. The baseline value of δ 3 for the XV-15 is ¦ 15 o . In Fig. 13 , we can see that more negative values of δ 3 are very destabilizing. The maximum increase in flutter speed occurs as δ 3 approaches 0 o , followed by a sharp decrease in flutter speed for positive δ 3 angles, as a rotor mode instability is encountered. These results are consistent with the descriptions in Ref. 6 and elsewhere of the influence of δ 3 on stiff-inplane proprotor stability.
The baseline δ 3 angle of ¦ 15 o represents a tradeoff between conflicting design requirements, as described in Ref. 7 . Larger (more negative) values of δ 3 are desirable to minimize transient blade flapping response, while a δ 3 angle close to zero is beneficial for aeroelastic stability. Furthermore, due to geometric constraints, it is difficult to design a control mechanism with a δ 3 angle close to zero, especially for gimballed rotors which have effectively zero flapping hinge-offset. For these reasons, it may be difficult to exploit reduced δ 3 angles to improve tiltrotor aeroelastic stability, and it may in fact be desirable to identify design configurations which allow for larger negative values of δ 3 while still maintaining adequate stability boundaries. Fig. 14 It should be noted in Fig. 15 that the stabilizing influence of ∆K Pζ becomes particularly strong as the parameter reaches values near +0.3. At high airspeeds near the flutter boundary, the baseline level of pitch-lag coupling due to blade flexibility distribution calculated in Eq. (14) is approximately -0.3 (see Fig. 7 ). The critical flutter speed in Fig. 15 increases most sharply when the positive pitch-lag coupling from ∆K Pζ completely offsets the negative contribution from 9 K Pζ . Thus, the important criteria to ensure a beneficial influence on aeroelastic stability is that the total level of pitch-lag coupling (amount of coupling from Eq. (14) plus any pitch-lag coupling contribution from other sources) in the rotor be positive (lagback, pitch-down). K Pζ , the pitch-flap and pitch-lag couplings due to blade flexibility distribution. Figure 16 shows that R β , the distribution of blade flatwise bending flexibility, is a powerful parameter. As the flap flexibility inboard of the pitch bearing increases (the parameter R β becomes smaller), the amount of pitch-flap and pitch-lag coupling from Eqs. (13) and (14) is reduced sharply (as shown in Fig. 17 ), increasing the flutter speed. It is this observation that provides the motivation for the use of a flexured hub on the V-22. The hub's coning flexure allows more trim elastic coning deflection to take place inboard of the blade pitch bearing, thus minimizing the undesirable coupling, as reported in Ref. 23 . Moving some of the blade flatwise bending flexibility inboard of the pitch bearing also influences the variation of rotor lag frequency with collective pitch. Figure 16 shows that even if 9 K Pβ and 9 K Pζ are held to their baseline values, increased flap flexibility inboard of the pitch bearing still has some stabilizing influence. As was the case for increased blade flatwise bending stiffness, this stability increase is due to a change in the nature of the interaction of the rotor low-frequency cyclic lag mode with the wing modes. The total influence of changes in the parameter R β on whirl flutter stability is thus a result of both rotor frequency changes and a reduction in the destabilizing pitch-flap and pitch-lag couplings.
The design variables ∆K Pβ in
Increased blade chordwise flexibility inboard of the pitch bearing (Fig. 18) has a slightly destabilizing influence on stability. Reducing the parameter R ζ from its baseline value of 1 causes a stabilizing positive increase in 6. The influence of control system stiffness ( Fig. 19) on whirl flutter stability is due to its effect on the magnitude of 9 K Pβ and
9
K Pζ (Eqs. (13) and (14)). As the control system stiffness increases, flutter speed also increases, since a stiffer control system reduces the destabilizing couplings due to blade flexibility distribution. This is consistent with observations in Refs. 10 and 23. If 
Influence of Individual Wing Design Parameters
The wing design parameters considered in the present study are (1) wing vertical bending stiffness (K q1 ), (2) chordwise bending stiffness (K q2 ), (3) torsional stiffness (K p ), (4) vertical bending-torsion coupling (K Pq1 ), and (5) chordwise bending-torsion coupling (K q2 ). The bending-torsion coupling represented by the parameters K Pq1 and K Pq2 may come from several sources, including composite tailoring of the wing structure, wing sweep, or mass offsets of the wing or rotor/nacelle structure, relative to the wing elastic axis. The findings of a parametric study of the influence of these wing stiffness and coupling parameters on whirl flutter stability may be summarized as follows:
1. Reduced vertical bending stiffness increases the stability of the wing vertical bending mode, while slightly destabilizing the chordwise bending and torsion modes. Figure 20 shows how changes in the wing vertical bending stiffness influence flutter speed. This observation is consistent with the
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Design optimization for improved tiltrotor whirl flutter stability 29TH EUROPEAN ROTORCRAFT FORUM E. Hathaway, F. Gandhi results reported in Refs. 7, 11, and 24. While decreased wing stiffness is generally destabilizing for whirl flutter, decreased vertical bending stiffness increases the frequency separation between the vertical bending mode and torsion mode, reducing the amount of coupling between wing vertical bending and torsion motion. This interpretation of the influence of reduced vertical bending stiffness is confirmed by examination of the eigenvectors produced by the stability analysis. For typical tiltrotor configurations, wing vertical bending and torsion motions are inertially coupled through the mass of the rotor and nacelle which is offset from the wing elastic axis. When the separation between wing vertical bending and torsion mode frequencies is increased, there is less pitching motion of the nacelle in the wing vertical bending mode, which reduces the amount of blade flapping and thus reduces the destabilizing rotor aerodynamic forces acting on the wing. Figure 20 shows that if the natural frequency of the vertical bending mode is reduced by about 17%, the mode is completely stabilized.
2. Figure 21 shows that reduced wing torsional stiffness is destabilizing, particularly in the case of the vertical bending mode. This is again due to the fact that reduced torsional stiffness reduces the frequency separation between the vertical bending mode and torsion mode and increases the coupling between wing vertical bending and torsion motion. Figure 21 illustrates the need for very thick, torsionally stiff wings in current tiltrotor designs. Even a modest reduction in wing torsion stiffness would result in an unacceptable decrease in flutter speed. Increased torsional stiffness, on the other hand, is not a desirable design solution, since increasing the torsional stiffness would require even thicker wing sections, increasing aerodynamic drag.
3. The analysis shows very little sensitivity to changes in wing chordwise bending stiffness. This is consistent with Ref. 7 , where changes in wing chordwise stiffness within the typical design range had little influence on flutter speed.
4. Figure 22 illustrates the influence of wing vertical bending-torsion coupling. Positive values of the coupling parameter K Pq1 (which in the present analysis denotes a wing bend up/twist nose down coupling) have a beneficial influence on the critical vertical bending mode, and are only slightly destabilizing for the other modes, yielding an overall increase in flutter speed. This additional elastic coupling introduced in the wing opposes the inherent inertial coupling due to the offset mass of the rotor and nacelle at the wing tip. Thus the overall coupling of wing vertical bending and torsion motion is reduced, as was the case for reduced vertical bending stiffness. The beneficial influence of vertical bending-torsion coupling in the wing has been reported in Refs. 1, 14, 15.
5. Wing chordwise bending-torsion coupling (Fig. 23) 
Parametric Optimization
After developing an understanding of the influence of the individual design parameters on whirl-flutter stability, formal optimization techniques are used to identify combinations of these design variables that improve the vehicle's whirl-flutter stability characteristics.
Formulation
A gradient-based algorithm is used to perform the parametric optimization. This routine attempts to minimize a user-defined objective function F Table 2 . Nominal values for each design parameter (corresponding to the XV-15 full-scale semi-span model) are provided in Table 1 .
Since the optimization uses a gradient-based approach, the optimizer may return a locally optimal solution, instead of the global optimum. To avoid this problem, the optimization was repeatedly performed, with random initial starting points. Different "optimized" solutions were returned for some initial conditions, indicating that local minima do exist in the design space. Performing the optimization repeatedly allowed locally optimal solutions to be discarded in favor of globally optimized configurations.
Selection of Objective Function
In order to obtain a satisfactory design solution from the optimization, the objective function F ¢ D j ¤ must be well-posed. Selection of a proper objective function can often be a trial-and-error process, where several candidate functions are tested before a function is identified which most effectively achieves the intended goal of the optimization. The goal of the optimization in general is to increase the whirl flutter stability boundary. Additionally, it is desirable to avoid "clifftype" instabilities, where the transition from a stable to an unstable condition occurs rapidly over a very small speed range.
Initial efforts to improve whirl flutter stability by formulating an objective function that sought to improve damping of the wing vertical bending mode (the critical flutter mode of the baseline configuration) were unsuccessful. Combinations of design parameters which increased damping in the selected mode were often strongly destabilizing for some other mode. To achieve satisfactory design solutions, the optimization must be formulated to improve the damping of the least-damped mode, whichever mode that may be. Thus, for each iteration of the optimization, the critical mode must be re-identified, since changes to the design parameters in the course of the optimization may cause different modes to become critical. Furthermore, attempts to improve whirl flutter stability by formulating an objective function to increase damping at some given velocity produced unacceptable design configurations. Performing the optimization at only one airspeed tended to produce designs that displayed sharp decreases in stability just beyond the optimization speed. In addition, in some cases the damping of several modes at low speed was degraded from the baseline configuration. While most of this reduction in damping occurred at or below the speed where a tiltrotor would begin the transition to helicopter mode, it is not generally desirable to achieve increased damping at high speeds at the expense of reduced damping at lower speeds.
To address these issues, and produce significant stability margins over a range of flight speeds, a moving point optimization is conceived. The objective function is written as
Over a range of speeds from 200 to 600 knots, the optimizer attempts to maximize the damping at the point of least damping within that range. As the design variables are adjusted in each iteration of the optimization, this point may shift to a different airspeed. Thus for each iteration of the optimization, the airspeed corresponding to the point of minimum damping must first be identified. The search for the airspeed at which damping is lowest can be formulated as a minimization problem (Find the airspeed V such that ζ min is at a minimum), and placed within the main optimization loop. The same gradient-based optimization routine used to determine optimal combinations of the design variables can then also be used to locate the airspeed at which the optimization is to occur. This two-stage optimization process may be summarized by the fol- For each iteration, using the current set of rotor design variables, the optimizer first determines the airspeed V at which the damping is lowest. An iteration of the optimization is then performed at that airspeed V obtained from the inner loop optimization. Sensitiv-
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Design optimization for improved tiltrotor whirl flutter stability The upper and lower limits of the speed range over which the optimizer seeks to improve damping were selected after experimenting with several different values. The lower bound of 200 knots was set low enough to ensure that the optimized configuration would not trade off damping at low speed for gains in stability at higher speeds closer to the flutter boundary, but not so low that the optimizer is trying to increase the damping of modes that are inherently lightly damped at very low speeds. The upper limit of 600 knots was set well above the maximum speed of conventional tiltrotor aircraft. This ensures that any sharp "cliff-type" instabilities will only occur well above the tiltrotor's maximum speed.
Optimization of Rotor Parameters
A moving point optimization attempting to maximize damping over the range of 200-600 kts was performed, using each of the three previously defined sets of bounds on the design parameters. Table 3 provides the resulting values of the optimized design parameters.
The damping characteristics of the configuration optimized with tight constraints are shown in Fig. 24 . Note that for this optimization, each design parameter has reached either its upper or lower limit. Comparing the optimized design to the parametric study results shows that each parameter follows the stabilizing trend identified in the parametric study. Even though only small changes to the baseline configuration are allowed by the tight bounds on the design parameters, the optimized configuration was still able to substantially improve the flutter speed by about 130 knots, from 310 to 440 knots.
The influence of each design parameter on the final configuration is examined by individually setting each parameter in turn to it's baseline value and examining the resulting stability prediction. Using this procedure, it was determined that the majority of the increase in damping over the baseline is produced by the change in the parameters ∆K Pβ , ∆K Pζ , and R β . Leaving these parameters set to the optimal values given in the first column of Table 3 and returning the others to their baseline values yielded a configuration with a flutter speed of 409 knots, still almost a 100 knot increase over the baseline. Figure 25 shows the damping characteristics of the configuration optimized with the intermediate set of constraints. As was the case when optimizing with the tight bounds, each design parameter has reached either its upper or lower limit. The values of each parameter are again consistent with the stability trends identified in the parametric study. The greater freedom allowed by the intermediate bounds allows for an optimized configuration that stabilizes the system up to 600 knots, with damping levels of at least 2.7% critical over that range. Examining the contribution of each design parameter to the overall stability reveals that, in addition to ∆K Pβ , ∆K Pζ , and R β , the δ 3 angle also provides an important contribution. For the tight set of bounds, the upper limit on δ 3 was set to it's baseline value of -15 o . The intermediate constraints allowed δ 3 to increase to 0 o , providing a stabilizing influence on the wing modes, as shown in the parametric study. Retaining only the optimized values of ∆K Pβ , ∆K Pζ , R β , and δ 3 yielded a configuration which still remained stable to 600 knots, with at least 2% damping from 200 to 600 knots. Figure 26 shows that the configuration obtained using the relaxed bounds is stable to 600 knots, with at least 4.3% critical damping from 200 to 600 knots. While many of the design parameters in the optimized configuration have reached an upper or lower bound, some have not. The δ 3 angle has remained near the value obtained when optimizing with the intermediate bounds. The parametric study results showed that positive values of δ 3 quickly brought on a rotor mode instability (see Fig. 13 ), and that maximum flutter speed was obtained for values of δ 3 near zero. Similarly, for the distribution of blade flatwise bending stiffness inboard and outboard of the pitch bearing, the parametric study showed that flutter speed was maximized for values of R β near 0.5, while further reductions in R β had little effect on flutter speed. For the configuration optimized with relaxed bounds, changes in the other design variables have shifted this maximum slightly, resulting in an optimal value of R β of 0.344. This shift in blade flexibility has a large influence on the pitch-flap and pitch-lag couplings given by Eqs. (13) and (14) . Reduced R β greatly reduces the negative pitch-lag coupling due to pitch dynamics, as shown in Fig. 27 , which compares the variation of As with the configuration optimized with intermediate bounds, the biggest improvement in stability is due
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Design optimization for improved tiltrotor whirl flutter stability 1) . It should be noted that more recent tiltrotor designs than the XV-15 rotor used in this study may already have a value of R β less than one due to the presence of a coning flexure, as used in the V-22 rotor hub. The primary influence of all three of these design parameters is to cause a net positive change in the total pitch-flap and pitch-lag couplings (Eqs. (15) and (16)) by reducing (in the case of R β ) or offsetting (by positive ∆K Pβ and ∆K Pζ ) the negative pitch-flap and pitch-lag couplings due to the distribution of blade flexibility. The results of this rotor parameter optimization study indicate that whirl flutter stability can be maximized by achieving positive total pitch-flap and pitch-lag couplings.
Optimization of Wing Parameters
The optimization process is repeated, this time considering only the wing stiffness and coupling parameters as design variables. Initial attempts at improving stability through optimization using the objective function in Eq. (17) did not produce satisfactory results. The problem is illustrated in Fig. 28 , which shows the damping of the wing modes for the baseline configuration. The figure shows that the vertical bending mode is the critical mode, becoming unstable at 310 knots. At speeds above 400 knots, however, all three wing modes are unstable and both the chordwise bending and torsion modes are more unstable than the vertical bending mode. An optimization process seeking to satisfy the objective function of Eq. (17) will first seek a configuration that increases damping at the point of lowest damping in the speed range under consideration. For the baseline configuration shown in Fig. 28 , the optimization would seek to increase the damping of the torsion mode at high speed. Unfortunately, as shown in the wing parametric study results (Figs. 20-23) , changes in the wing design parameters do not significantly improve wing chord or torsion mode stability, so the optimization is unable to proceed. The optimization never even gets around to attempting to improve damping of the critical vertical bending mode.
To obtain favorable configurations of wing design parameters, the objective function must be restricted to operate only in regions where the design parameters are effective at increasing the damping of the critical mode. This is achieved by reducing the upper bound on the range of airspeeds considered in the optimization from 600 knots to 300 knots. Therefore, the objective function used to optimize the wing design parameters is now: (18) Optimized combinations of the wing design parameters obtained by using the objective function in Eq. (18) and the three different sets of constraints (Table 2) are shown in Table 4 . Figure 29 shows the damping characteristics of the configuration obtained using the tight constraints on the design variables. Table 4 shows that each design parameter has reached a limit imposed on it by the tight constraints, and the optimized values are in agreement with the stability trends identified in the parametric study. Using this optimized configuration, the stability boundary of the critical vertical bending mode is increased from 310 to 340 knots. This increase in flutter speed is due almost entirely to the influence of the design parameters ∆ω q1 , ∆ω p , and K Pq1 . As was observed in the parametric study, increased frequency separation between the wing vertical bending and torsion modes (such as is provided by decreased ω q1 and increased ω p ) and positive vertical bending-torsion coupling improve the stability of the vertical bending mode. The other two design parameters, ∆ω q2 and K Pq2 , have a much smaller influence on the overall damping, providing only a very slight increase in damping.
The stability characteristics of the configuration optimized with the intermediate set of constraints are shown in Fig. 30 . Comparing the performance of this design to that of the tightly-constrained optimized configuration (Fig. 29) reveals that the vertical bending mode is further stabilized, actually becoming stable over the entire speed range considered in this study. There is however only a marginal gain in actual flutter speed relative to the design using tight constraints, since the chordwise bending mode is now the critical mode, and the wing design parameters are unable to significantly improve the damping of that mode.
Examining the values (given in Table 4 ) of the design parameters obtained using the intermediate set of constraints shows that all of the variables follow the same trends seen in the parametric study and reach either an upper or lower bound, except for the chordwise bending-torsion coupling parameter, K Pq2 . This is due to the fact that positive K Pq2 slightly increases vertical bending mode damping, while slightly reducing chordwise bending mode damping. For the optimized configuration obtained using tight variables, over the speed range considered by the optimization (200 to 300 knots), the vertical bending mode damping is always lower than the chordwise bending mode damping. For the configuration using intermediate constraints, near 300 knots the damping of the vertical and chordwise bending modes are nearly equal. Thus if the value of K Pq2 is either increased or decreased, the
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Optimization of Eq. (18) using the relaxed constraints yields a configuration with damping characteristics shown in Fig. 31 . As was the case for the configuration optimized using the intermediate constraints, relaxing the constraints allows for further gains in vertical bending mode damping, but flutter speed is unchanged, since the chord mode stability boundary is not strongly influenced by any of the wing design parameters. As shown in Table 4 , the parameters ∆ω q1 , ∆ω q2 , and K Pq1 continue to follow the trends shown in the parametric study. Compared to the previous wing optimization results, the change in torsion frequency, ∆ω p , and the chordwise bending-torsion coupling parameter K Pq2 have now changed sign. This is again due to the fact that these parameters have conflicting influences on damping of the vertical and chordwise bending modes. The optimization process balances these effects on damping of the two modes, increasing the damping of both of them as much as possible. Figure  31 shows that over most of the speed range considered by the optimization, the level of damping in the vertical and chordwise bending modes is the same.
The results presented in this study of wing design optimization show that there is an upper limit on the stability gains that can be achieved by changes in the wing design parameters. Modest changes in the wing vertical bending and torsion mode stiffnesses (∆ω q1 and ∆ω p ) and wing vertical bending-torsion coupling (K Pq1 ) improve the stability of the critical wing vertical bending mode. However, none of the wing design parameters are able to significantly influence stability of the wing chordwise bending and torsion modes. Once the vertical bending mode is sufficiently stabilized such that chordwise bending becomes the critical mode, larger changes in wing design parameters are ineffective in further increasing the critical whirl flutter speed.
Concurrent Wing/Rotor Optimization
An optimization is performed which considers both rotor and wing design parameters simultaneously. Because of the much greater influence of the rotor parameters on damping, the concurrent wing/rotor optimization study is restricted to the tight set of constraints. Equation (17) is used as the objective function. Table 5 lists the design configuration resulting from this optimization. Figure 32 shows the damping characteristics of the design. The optimized configuration has a stability boundary of 435 knots, a 125 knot increase over the baseline. For comparison, optimizing rotor parameters alone using the tight constraints produced a flutter speed of 440 knots, and using the wing parameters alone yielded a 340 knot flutter speed.
The fact that the concurrent optimization produces a design with a lower flutter speed than optimization of the rotor parameters alone indicates there is a problem with the concurrent optimization as it is originally posed. As was the case for the wing parameter optimization, performing the concurrent optimization from 200 to 600 knots causes the optimizer to select values for the wing design parameters that are (slightly) beneficial to the wing chord and torsion modes at high speed, but do not provide as great a benefit to the critical vertical bending mode as is possible. However, it is not desirable to use the objective function used for the wing optimization study (Eq. (18)) for the concurrent optimization, because reducing the upper limit of the speed range under consideration will prevent the optimization from taking full advantage of the rotor design parameters.
To perform a useful concurrent optimization, a new objective function is formulated. Instead of attempting to increase damping at a certain speed or over a range of speeds, the objective function is formulated to maximize the flutter speed of the system, the speed at which the first instability is encountered. The objective function is thus written as: (19) where V flutter is the airspeed at which the damping of any system mode goes to zero. It should be noted that the objective function in Eq. (19) would not be suitable for an optimization performed using the intermediate or relaxed constraints on rotor parameters, since the rotor parameters would then be powerful enough to drive the critical flutter speed beyond the upper limit on airspeed considered in the study. Once the upper limit on airspeed was reached, the optimization would make no effort to improve stability by increasing the subcritical damping, as is the case when optimizing using Eq. (17) .
The results of a concurrent wing/rotor parameter optimization using Eq. (19) as the objective function are also provided in Table 5 . Figure 33 shows the stability characteristics of this configuration. The optimization to maximize flutter speed produced a design with a flutter speed of 450 knots, a 140 knot increase over the baseline configuration. The values of the optimized rotor design parameters are the same as the values obtained when optimizing rotor parameters alone. The wing parameters ∆ω q1 and K Pq2 differ from the values they take when wing parameters are optimized alone. This again has to do with a difference in which mode is critical between the wing-only optimization and the concurrent optimization. It is interesting to note that the concurrently optimized design (Fig. 33) only slightly outperforms the design obtained by optimizing only the rotor parameters (Fig. 24) . This demonstrates how much more potential is available for improving stability through the rotor variables
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Throughout this optimization study, it has been pointed out that the design parameters which have the greatest influence on improving whirl flutter stability are: the blade pitch-flap and pitch-lag coupling parameters (∆K Pβ and ∆K Pζ ), the distribution of blade flatwise bending stiffness (R β ), change in wing vertical bending and torsion stiffness (∆ω q1 and ∆ω p ), and wing vertical bending-torsion coupling (K Pq1 ). A tightly constrained optimization using the objective function in Eq. (19) was performed using only these key parameters as design variables. Table 5 provides the resulting optimized values of these design parameters. Figure 34 shows that the damping characteristics using only the key parameters is quite similar to the case shown in Fig. 33 , where all design parameters were considered. The flutter speed attained through modest changes in only the key parameters is 425 knots, still 115 knots above the baseline stability boundary.
Concluding Remarks
An analytical investigation of the influence of various rotor and wing design parameters on tiltrotor whirl flutter stability was conducted. The parameters were all examined using the same analysis and same baseline tiltrotor configuration, to allow for comparison of the relative effectiveness of each parameter. In addition to investigating the influence of each parameter individually (as in previous studies), numerical optimization techniques were utilized to identify combinations of the design parameters which could significantly improve tiltrotor whirl flutter stability. Relatively tight constraints on the design parameters were applied, in recognition of the fact that design considerations other than aeroelastic stability preclude large changes in many of the parameters.
The findings of this study may be summarized as follows:
1. The rotor design parameters which have the greatest influence on flutter speed are the additional pitch-flap and pitch-lag coupling parameters (∆K Pβ and ∆K Pζ ) and the distribution of blade flap flexibility inboard of the pitch bearing (R β ). These parameters act to increase stability primarily by either offsetting (positive ∆K Pβ and ∆K Pζ ) or reducing (R β 2. The wing design parameters which have the greatest influence on flutter speed are the wing vertical bending and torsion stiffness, and vertical bending-torsion coupling. Reduced vertical bending stiffness, increased torsional stiffness, and positive vertical bending-torsion coupling (bend-up, twist nose-down) all act to reduce the amount of nacelle pitching motion present in the wing vertical bending mode, which is the critical mode for the present model.
3. Flutter speed shows a much stronger sensitivity to changes in the rotor parameters than the wing parameters. Optimization of wing parameters using the relaxed set of constraints produces a design that increases flutter speed by about 50 knots, while optimizing the rotor parameters using the tight constraints on the design variable yields a 130 knot increase in flutter speed.
4.
A concurrent optimization of the key rotor and wing design variables provides only a modest increase in flutter speed over configurations resulting from optimization of rotor variables alone.
5. The optimization process produces generally intuitive results. The configurations obtained through formal optimization are consistent with the stability trends identified by individually varying each design parameter.
6. The optimization procedures described in this study can successfully identify combinations of design parameters that increase whirl flutter stability. The optimal designs require only modest changes in the key rotor and wing design parameters in order to significantly increase flutter speed. Such changes may be possible while still respecting other design constraints. Constraints (Lower Bound/Upper Bound) ∆ω β 0 -5%/+5% -10%/+10% -20%/+20% ∆ω ζ 0 -5%/+5% -10%/+10% -20%/+20% ∆ω β G0 -25%/+25% -50%/+50% -100%/+100%
0.5/1 0/1 ∆ω φ -5%/+5% -10%/+10% -20%/+20% ∆ω q1 -5%/+5% -10%/+10% -20%/+20% ∆ω q2 -5%/+5% -10%/+10% -20%/+20% ∆ω p -5%/+5% -10%/+10% -20%/+20% 
(r-e)z out 
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